We have examined the effects of commercially available preparations and drug-free so/vents of diazepam (Valium, Diazepam-Lipuro) 
One of the main mechanisms of killing bacteria by polymorphonuclear cells (PMN) [1] is the production of excited oxygen radicals. Measurement of oxygen radical production is performed readily by kinetic analysis of N-formylmethionyl-leucylphenylalanine (FMLP)- [2] and zymosan- [3] induced chemiluminescence.
There are conflicting data on depression of PMN oxygen radical production by benzodiazepines [4] [5] [6] [7] . It was shown that diazepam suppressed zymosaninduced PMN oxygen consumption [4] , but it did not affect zymosan-induced PMN chemiluminescence [7] . However, different preparations of benzodiazepines, stimuli (with respect to the mechanisms of induction) and methods (chemiluminescence, oxygen consumption) have been used for investigation of PMN oxygen radical production [4] [5] [6] [7] . In all those studies, only one stimulus, either FMLP or zymosan, has been used. Osmolality [4] [5] [6] [7] and effects of solvents [6, 7] were not studied, despite the high osmolality (3281 mosmol kg" 1 ; physiological range 285-295 mosmol kg" We have examined the effects of diazepam (Diazepam-Lipuro, Valium) and midazolam (Dormicum) on both FMLP-and zymosan-induced PMN chemiluminescence and in a cell-free chemiluminescence system. The effects of both the drugs and their solvents have been examined.
MATERIALS AND METHODS

Chemicals and medium
Polymorphonuclear cells were suspended in antibiotic-free Hanks' balanced salt solution (HBSS) without phenol red (Gibco, Eggenstein, Germany). The synthetic chemoattractant, N-formylmethionylleucyl-phenylalanine (FMLP), zymosan and luminol (5-amino-2,3 dihydro-1,4 phthalazinedione) were obtained from Sigma (Deisenhofen, Germany). Commercially available preparations of diazepam (Diazepam-Lipuro, Braun, Melsungen, Germany; Valium, Hoffmann-LaRoche, Grenzach-Wylen, Germany) and midazolam (Dormicum, HoffmannLaRoche, Grenzach-Wylen, Germany) were tested. Drug-free solvents were provided by the respective manufacturers of the commercially available preparations.
Isolation of polymorphonuclear cells
Human PMN were isolated from 10 ml of heparinized venous blood by the Polymorph-Prep density gradient centrifugation method at 540 g for 25 min at 24 °C [8] . The cells were washed twice and adjusted to a concentration of 5 x 10* ml" 1 in HBSS. These cell preparations contained 94-98 % of PMN and their viability was > 95 % as determined by trypan blue dye exclusion.
Assay of oxygen radical production
PMN suspension 50 ul (5 x 10" ml" 1 ) in HBSS was incubated for 30 min at 37 °C with luminol 50 ul (0.2 mmol litre" 1 ), HBSS 50 ul and 50 ul of commercial preparations or drug-free solvent. The reaction was initiated by adding 50 ul of the following stimulants: FMLP 10" 4 mol litre" 1 (final concentration) ; opsonized zymosan 5 mg ml" 1 (final concentration). The luminol-enhanced chemilumines-cence response to FMLP [2] or opsonized zymosan [3] [9] [10] [11] [12] [13] [14] [15] [16] . pH and osmolality were tested for each dilution of the commercial available preparation and the solvent.
Cell-free chemiluminescence system
Chemiluminescence was generated in a cell-free system by horseradish peroxidase 0.2-2.0 ug ml" 1 plus hydrogen peroxide 0.02-0.30mmol litre"
1 [17] . Fifty microlitre of the various dilution steps of the commercial preparation or the drug-free solvent, luminol 50 ul (0.2 mmol litre" 1 ), horseradish peroxidase 50 ul (0.2-2.0 ug ml" 
Statistics
Experimental data are presented as mean (SD). The Wilcoxon signed rank test was used to compare the effect of commercially available preparations and drug-free solvents with that of their control activity (chemiluminescence without commercially available preparation or drug-free solvent). P < 0.01 was considered statistically significant. Comparable increasing concentrations of the drugfree solvent from commercially available preparations had no effect on FMLP-and zymosan-induced PMN chemiluminescence (table I) . Dormicum significantly diminished zymosan-induced chemiluminescence in greater than therapeutic concentrations (table I) . A comparable depression of more than 50 % occurred at 10 ug ml" 1 with FMLP-induced chemiluminescence and at 100 ug ml" 1 with zymosan-induced chemiluminescence (table I) . Chemiluminescence generated in the cell-free system was not reduced by Dormicum for both the FMLP and zymosan methods.
RESULTS
Physicochemical properties of commercially
Valium {diazepam)
Valium (diazepam) caused a significant and dosedependent depression of FMLP-induced chemiluminescence in the therapeutic concentration range (table I). The solvent of Valium led to a marked suppression of FMLP-and zymosan-induced PMN chemiluminescence at the greatest concentration of 200 ug ml" 1 (table I) . Valium reduced FMLP-and zymosan-induced PMN chemiluminescence drug specifically (table I) ; the depression by the commercial preparations was more pronounced than the effect of the corresponding solvent. Chemiluminescence was reduced in the cell-free system by Valium 200ugml" 1 with the FMLP method (44 (7)% of control activity) and with the zymosan method (48 (5)%).
Diazepam-Lipuro {diazepam)
Diazepam-Lipuro (diazepam) depressed FMLPinduced chemiluminescence significantly and dosedependently, beginning within the therapeutic concentration range (table I) . FMLP-induced PMN chemiluminescence was enhanced markedly by the solvent of Diazepam-Lipuro (table I) . DiazepamLipuro significantly decreased zymosan-induced PMN chemiluminescence at concentrations greater than the therapeutic concentration range (table I) . Zymosan-induced PMN chemiluminescence was significantly suppressed by the solvent (table I) . Diazepam-Lipuro depressed FMLP-and zymosaninduced PMN chemiluminescence drug-specifically (table I) . Chemiluminescence generated in the cellfree system was reduced by Diazepam-Lipuro 200ugml" 1 with the FMLP method (42 (3)% of control activity) and with the zymosan method (44 (2)%).
DISCUSSION
The interaction of gTanulocytes with particles results in activation of oxygen-dependent metabolic pathways (respiratory burst) [3] . Neutrophil granulocytes produce substantial quantities of superoxide (O t~) and hydrogen peroxide (H 8 Oj) during phagocytosis, or upon pertubation of their plasmalemma, by any one of a variety of soluble and semi-soluble agents [18] . The mechanism of activation of the respiratory burst is not the same for each PMN stimulus. In the present study, the following two different PMN stimuli were used: chemotactic factor FMLP as soluble stimulus and opsonized zymosan, a polysaccharide from the cell walls of yeast, as phagocytosable particles to be phagocytosed.
Formyl methionyl peptides are derived from the NH 2 -terminal regions of newly synthesized bacterial proteins [19] . The tripeptide, formyl-methionylleucyl-phenylalanine (FMLP), is the major peptide neutrophil chemotactic factor [19] . Binding of FMLP to its specific membrane receptors on phagocytes activates a guanine nucleotide regulatory (G) protein [18, 20] . The activated G protein in turn stimulates a membrane-associated phospholipase C, which hydrolyses phosphatidylinositol 4,5-biphosphate into the calcium mobilizer, inositol 1,4,5-triphosphate and the protein kinase C activator, 1,2-diacylglycerol [18, 20, 21] . Thus binding of FMLP causes increase in intracellular calcium and activation of protein kinase C (PKC), leading to activation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase-the enzyme responsible for production of O 2 " [2, 18, [22] [23] [24] . Phorbol myristate acetate (PMA) directly activates PKC without an increase in intracellular calcium and stimulates NADPH oxidase [21, 24, 25] . In contrast, opsonized zymosan stimulation of NADPH oxidase differs from activation by PMA in that the paniculate stimulus is mainly phospholipase A 2 -mediated and less phospholipase C-mediated, calcium dependent and independent of PKC [26] [27] [28] [29] . Opsonized zymosan stimulates the FcC3b receptor and its postreceptor signal transduction is less dependent on GTP binding regulatory protein than that of FMLP [29] .
The data presented here revealed that FMLPinduced PMN chemiluminescence was more susceptible to suppression by benzodiazepines than that induced by zymosan. The mechanism of the inhibitory action of benzodiazepines on PMN O 2g eneration may therefore be explained by a marked effect on GTP binding regulatory protein, phospholipase C or calcium-dependent protein kinase Cmediated activation of NADPH oxidase, or both. Differences in suppression of FMLP-and zymosaninduced PMN chemiluminescence by Valium and Diazepam-Lipuro were caused apparently by the solvents. Thus these results demonstrate that effects of solvents should be taken into account when evaluating effects of such drugs on PMN function.
FMLP system
A 50% inhibition was observed with Valium (diazepam) 1-2 ug ml" 1 (table I) . In contrast, Kress and Weiler [5] reported a comparable inhibition of almost 50% with Valium O.Sugml" 1 . However, investigations using pure crystalline diazepam [5, 6] revealed nearly 50% inhibition at 3 ug ml"
1 . Kress and Weiler [5] reported that FMLP-induced PMN chemiluminescence was nearly abolished by Valium 143ugml"'. In addition, we demonstrated that an osmolality of 604 mosmol kg" 1 was responsible for that suppression at 200 ug ml" 1 . Thus we have shown that the physicochemical properties of the solvent account for the conflicting data from studies with Valium and pure crystalline diazepam. In addition, the solvent of Diazepam-Lipuro alone stimulated, whereas that of Valium suppressed, FMLP-induced PMN chemiluminescence (table I) .
In accordance with our results, previous studies have shown that midazolam depressed almost completely FAtLP-induced PMN chemiluminescence at leSugml" 1 [5, 6] . Furthermore, we demonstrated that midazolam-induced suppression of FMLPinduced PMN chemiluminescence was attributable to midazolam and not to the solvent or physicochemical properties.
Zymosan system
In the test system used here the amount of suppression by Diazepam-Lipuro 200 ug ml" 1 could not be distinguished from that of the corresponding solvent. With concentrations of 20 ug ml" 1 and 2 ug ml" 1 , suppression of 65 (10)% by Valium and 83 (5)% by Diazepam-Lipuro, respectively, must be diazepam-related, as no pronounced suppression by the respective solvents occurred. In accordance with our results, in a previous study it was shown that clinical concentrations of diazepam (0.1-5 ug ml" 1 ) caused no marked reduction in zymosan-induced PMN chemiluminescence [7] . However, in this and in a subsequent study from another group [4] , it was not stated if pure benzodiazepines or commercial preparations had been used.
Goldfarb and colleagues [4] observed a 50% reduction in oxygen consumption with diazepam Ougml" 1 . In this study, benzodiazepine compounds were diluted in solvent and the oxygen consumption of zymosan-stimulated PMN was measured polarographically [4] . Differences in methods and lack of attention to the effects of the solvents may explain their overestimation of the depression caused by benzodiazepines.
The marked difference in suppression between comparable concentrations of Diazepam-Lipuro and Valium was probably caused by the osmolality of 604 mosmol kg" 1 with Valium. Additives of commercial preparations of diazepam and flunitrazepam (propylene glycol, ethanol and benzyl alcohol) were shown to be strong inhibitors of O 2 " formation; the inhibition occurred irrespective of the type of stimulus [30] . In this study, the O 2 " production was assayed spectrophotometrically by measuring the superoxide dismutase-inhibitable reduction of ferricytochrome c [30] . Human PMN were stimulated with 12-o-tetradecanoyl-phorbol-13-acetate (TPA), porcine PMN with TPA, opsonized zymosan and laurate. The solvents were found to be more inhibitory than the pure drugs by a factor of 4 for diazepam and by a factor of 11 for flunitrazepam, when porcine PMN were stimulated with TPA [30] . Concentrations required for 50% maximal inhibition after TPA stimulation of porcine PMN (10 8 ml" 1 ) were 220 ug ml" 1 for pure diazepam and 190 ug ml" 1 for flunitrazepam [30] .
Comparison of FMLP and zymosan
Depression of FMLP-induced PMN chemiluminescence occurred at smaller concentrations than with zymosan (table I) . Thus the degree of suppression by benzodiazepines depended on the stimulus used for induction of oxygen radical production. This is confirmed by the independent observation [6] that diazepam suppressed FMLP-but not PMAinduced chemiluminescence of human PMN.
The results of the experiments in the cell-free chemiluminescence system revealed that the inhibitory effects of Dormicum (midazolam), Diazepam-Lipuro (diazepam) and Valium (diazepam) resulted mainly from an interaction with the PMN. Suppression of FMLP-and zymosan-induced PMN chemiluminescence was caused partly by free radical scavenging at the greatest concentration of Diazepam-Lipuro (diazepam) and Valium (diazepam) (200 ug ml" 1 ) only. In summary, we conclude that physicochemical properties and the effects of solvents themselves must be considered when the influence of drugs on granulocyte functions in vitro are investigated with commercially available preparations. Otherwise, overestimation and misinterpretation of drug effects may occur. The conflicting data published in previous studies may be explained by the use of different stimuli and by neglect of solvent effects.
